I. INTRODUCTION
ICROSTRIP antenna analysis using any of the full M wave integral equation methods [ l ] gives the most fundamental quantity of interest, namely the electric current distribution on the patch surface from which all the other required antenna parameters can be obtained. Examination of current distribution plots, either orthogonal components, or "in phase" and "quadrature" components gives good insight into the resonance behavior. However, interpretation of electric current distribution plots from a radiation point of view requires some imagination. Strong radiation centers are located in regions where the electric current distribution changes rapidly in the direction of flow or in other words where the charge distribution is maximum. Computation and/or measurement of the near fields can give this information.
The potential of near field measurements of antennas and circuits has long been known, the slotted line measurement of the standing wave ratio being an excellent example. In certain situations its use. for example, in holography and fault diagnosis [21, for far field reconstruction [3] , and in electromagnetic compatibility applications may even be inevitable. Additional advantages arise in situations where the antenna characteristics may be masked by a circuit element, e.g.. a square microstrip patch excited using a hybrid junction for circular polarization. Here, impedance measurements alone cannot give information on the antenna resonance. Also, some antenna platforms may Manuscript received September 27. 1993 impose unusual constraints, for example, the requirement to place other sensors very close to or on the antenna itself.
Here again, examination of the near fields can give clues to the location of objects where their effect on the antenna performance may not be significant. Needless to say, near fields when correlated with other antenna parameters lead to a better understanding of antenna behavior and can be used as a valuable educational tool. There now exists a variety of methods for the analysis of printed antennas and circuits [4] - [6] . Although the aspect of near field computation has received less attention, in principle, most, if not all of these methods can be used. In some of the more recent developments [7] , [8] the near field information may even be available during the solution process without any need for extra computation.
In the present paper, use has been made of the iterative mixed potential integral equation (MPIE) method for microstrip antennas [9] , [ IO] . Briefly, the method which is largely based on [ 11, [ 1 1 1 makes a convenient combination of the advantages of the MPIE method, the speed of the FFT algorithm and the relatively rapid convergence of the biconjugate gradient iterative method [ 121. The arbitrary patch geometry is discretized using rectangular cells by a staircase approximation to the contour. All operations are kept at a vector level and the method can deal with a very large number of cells. Consequently, as far as the contour approximation is concerned, the method also has the advantage of trianguIar/quadrilateral cell discretization methods [ 131, [ 141 albeit at extra computational expense. Much work has been done on conjugate/biconjugate gradient-FFT methods and [ 151-[ 191 constitute a partial list. The near field computation is done in an efficient straightforward manner avoiding the inaccurate artifacts that can arise due to the choice of the basis and testing functions [20] .
Perhaps the simplest method for the qualitative measurement of the total near field amplitude of microstrip antennas is the use of liquid crystal displays (211. Other methods using sampling probes have been well described in [22] , [23] . Infrared imagery [24] is another measurement technique which gives a good estimate of the power dissipated in the dielectric substrate. More recently. the use of optically modulated probes [25] , [26] for the measurement of near fields has assumed importance. A simple scheme well suited for microstrip structures which is easy to set up in a laboratory using a flat bed plotter has been developed [27] . The measured results for the near fields presented in this paper have been obtained using this scheme. For illustration, some examples of microstrip patches of the generalized annular sector type [28] , [29] have been chosen. Microstrip patch geometry and the near field probe (I = 9 mm,
THEORY
The geometry considered is a single dielectric layer microstrip patch antenna excited by a coaxial cable connected perpendicularly to the patch through the grounded dielectric slab (Fig. 1) . The usual assumptions in the Green's function solution are made. Namely, an infinite transverse dimension for the grounded dielectric slab, a perfectly conducting ground plane and both the ground plane and the patch of infinitesimal thickness have been assumed. The coaxial probe is modeled as a uniform vertical current filament of length h, the validity of which has been well established for electrically thin dielectric slabs.
The unknown electric current distribution [ J ( x . y ) = 2 J, (.r.,q) where the subscript denotes the rectangular component, E' is the incident electric field due to the coaxial probe, E" is the electric field scattered by the patch current J , and E' is the total electric field on the patch surface due to a nonzero surface impedance 2,. Retaining the partial derivatives along J and 9
only, and with a change in notation [ 1 J, expressions 
and The patch geometry is discretized into rectangular cells (Ax x Ay) on an offset grid, i.e., the charge cell centers are located at {(7n-l/2)Ax. (n-l/2)Ay). J , is defined at points {mA.c,(n-l/2)Ay} andJ, at {(7n-l/2)Ax,71Ay}. A , and V, are expanded in terms of rooftop basis functions (spanning 2 adjacent charge cells) and (1) 
where In the above development, the expansion functions for the current distribution are not required. In fact, these appear only in the computation of A,[ and 1 ; (7)-(8). The convolution required is computed using the FFT algorithm without any U priori weighting of the functions involved. Therefore, for simplicity, one may assume a piece wise constant basis To compute the convolution. the space domain values of the Green's functions are required. These functions exhibit singular/near singular behavior on the real axis in the transform domain depending on the substrate loss. An approximate evaluation using the F I T algorithm (e.g., A, zz FF7'-' [C?;FFT( J(,) ]) was found to be inadequate 191. Therefore. it becomes necessary to derive a discrete representation by integrating over the surface of the basis function which in this case is a rectangle (Ax x Ay). This will. however, destroy the circular symmetry and increase the computational effort. Alternatively, one could also obtain the discrete form approximately by an integration over a circular Therefore, the space domain discrete representation of the required functions defined in (9)- ( 11) (18) is the Fourier transform of one of the discrete representations of the delta function and its normalization (eq. (16)) is chosen such that the exact forms (eqs. (9)-( 1 I)) are recovered in the limit as a + 0. Details on the numerical evaluation of (17) can be found in [IO] .
Due to the above approximation, it is found to be better to use a piece wise constant expansion for the incident field (eqs.
(2)-(3)). Upon testing with the rooftop testing function and transferring the single partial derivative one obtains
With the use of subdomain basis functions. an attachment mode to describe the current variation near the probe attachment point becomes necessary. The attachment mode developed in [ 11, namely the product of the sign function and a rooftop function of support Ax x Ay has been employed. This requires the excitation point to be located at the center of a charge cell. The attachment mode contribution and the correction for the probe inductance has been included in the impedance computation.
To compute the two-dimensional convolution in (7)- (8) 
I,)]). It is necessary
to restrict the number of unknowns used in the representation of the current distribution to be less than or equal to (N1/2 x N z / 2 ) so that the error due to circular convolution is eliminated. Equations (12)- (15), and (19)- (20) are now in a form convenient for the application of iterative methods. The biconjugate gradient method for a symmetric operator has been used for the solution of the current distribution. The computation of the near fields is restricted to rectangular tangential components on a plane parallel to the patch surface ( Fig. 1 ). These contain a substantial amount of the far field information and are sufficient to reconstruct it over a relatively large angular extent around the broadside (defined as the 0 = 0) direction. The measurement probe is a short cylindrical dipole with an integrated diode at its center [27] . The assembly is mechanically displaced along the .c and :y directions in the measurement plane and with the orientation of the dipole fixed either along the 2-or the y-axis. The actual problem is that of a center loaded dipole near the microstrip patch the currents on both of which must be treated as unknown. This leads to a coupled set of integro-differential equations which must be solved for every dipole position. To simplify the task, the following assumptions are made:
i) The field incident on the dipole due to the known excitation source (coaxial cable) can be neglected. ii) The mutal reaction of the dipole and the patch is negligible as compared to the self reaction of the patch. Also, the dipole current distribution is assumed to be known. These assumptions decouple the two equations for the unknown current on the patch and the dipole and simply mean that the measurement probe should not perturb the near field in a significant manner, a condition which is necessary in any case for the measurements to be valid.
Under these assumptions, the near field computation becomes easier. Further, we do not calculate the near fields as seen by an infinitesimal dipole, but the near field value tested by a rooftop function. Also, the computation is made at those .r, I J coordinates where the boundary condition was enforced on the patch. This simply requires a re-computation of (12)- (13) and (19)- (20) with z = h+d using the converged current distribution obtained from the iterative solution, and summing them up vectorially. The finite dimension of the measurement probe is then included by a convolution operation as explained below.
RESULTS
The geometries considered for illustration are shown in Fig. 2 . Also shown is the cell size used in the computations. The generalized annular sector family of patch antennas [28] , [ 291 have several interesting characteristics, one of which is size reduction. All three patches were designed so that the dominant mode resonance is at more or less the same frequency. Since the fields of a circular patch are known rather well, a small complexity was introduced by adding trim tabs. The patches were excited for linear polarization so as to clearly distinguish the two near field components. All three patches were fabricated at the center of a 155 mm x 155 mm square ground plane.
The measurement set up consists of the probe on a low permittivity foam support replacing the pen of a flat bed plotter. The procedure consists of exciting the antenna under test, modulating the diode and detecting the scattered field using a homodyne detector. Direct modulation using resistive wires has been preferred to optical modulation and a dynamic range of at least 40 dB is obtained. More details can be found in [27] . The measured voltage is proportional to the square of the electric field component of the antenna under test incident on the dipole. Because of this "square" dependence, there exists an ambiguity in the phase of the measured near field. While it is possible to resolve this difficulty [26] , this has not yet been implemented and therefore only the amplitudes of the measured near fields are shown.
The near field measured by the dipole is a convolution of the true near field with the dipole current distribution. In order to facilitate comparison with measurements, rather than deconvolve the measured data, the computed near field values have been convolved with an assumed current distribution on the dipole. To this extent, the cylindrical dipole was replaced by a flat strip of the same length I , but a width = 2 0 [30].
(An exception was made for the geometry A where the width was set equal to the cell size since it was slightly larger than 2 0 . ) The current distribution on the dipole was assumed to be triangular along the length and constant along its width (i.e., a big roof top function). The triangular form is quite close to the current on a short dipole which is loaded at its center with an impedance that is not too large (261. The computed near field values using ( 12)- ( 13), ( 19)- (20) were then convolved with this current distribution.
Computations were carried out on a 4 processor CRAY-2 using single precision arithmetic. The iterations were initiated with a zero current as the first estimate, and terminated when the normalized root mean squared error in the total tangential electric field on the surface of the patch was less than 0.005%. Note that in an earlier investigation dealing with the RCS computation of microstrip patches [IO] , an error limit of 10% was found to be adequate. This may be explained from a recent study [31] that has shown that the biconjugate gradient method makes the scattered field stationary. However, for impedance computations, a much lower error limit is desirable. The above limit was chosen after examining several patch geometries and includes an added margin for safety. The patch geometries ( A-C) were discretized using square cells within a 64 x 64 point grid and an FFT of order 128 x 128 was used in the computation of impedances and current distributions. The number of iterations required varied from 220-390 depending on the geometry and the frequency. For the near field computation, an FFT of order 256 x 256 was used so as to calculate over an area larger than the patch area. The phase reference is with respect to the excitation at the ground plane level. The two rectangular components of the measured and computed near fields are normalized to their respective maximum values.
To validate computations, first a comparison of input impedances is made with measurements (Figs. 3-4) . The computed characteristics of the circular patch can be seen to be quite close to those measured. For the other two geometries, some differences exist in resonant frequencies and impedance levels. Uncertainties in the computational scheme arise due to a combined effect of the approximation introduced in (17), the convolution accuracy using the FFT, and the staircase approximation to the contour. Uncertainties in measurements are most often due to the tolerance in substrate characteristics. Geometry A was well discretized in the sense that the area of the discretized geometry was very close to that of the actual geometry. Geometries B and C are more sensitive antennas and even though the cell size used was very small, they require a careful geometric modeling. In these two cases, the resonant frequency showed a variation of the order of 50.4% depending on the rounding off strategy used for the discretization of the two circular contours. These variations can be reduced by a finer discretization which was confirmed by quadrupling the number of cells. However, to keep the computational time reasonable, the discretization of geometries B and C: was done using the following approach. An annular sector geometry wifh the outer radius equal to twice the inner radius was taken. The geometry was discretized with importance assigned to the outer circle dimension along the :c and :y axes only. The inner circle diameter was then deduced from the rounded off values along the :I: and y axes. Geometry C was obtained from the same cell configuration by eliminating 3 rows of cells in the gap region. Consequently, the dimensions of the discretized and actual geometry coincide only along the :I' and :y axes. The total number of cells for geometries A , B, and C were 2533, 2200, and 2 155, respectively, and the number of unknowns are approximately twice this number. It is interesting to observe that the sensitivity of geometries B and C shows up in the near fields as discussed below.
Before measuring the near fields, a simple verification of assumptions (i-ii, Section 11) was made by measuring the return loss of the antennas with and without the near field probe in their close vicinity (Fig. 1, d = 2 mm) . Geometries '4 and B showed no significant change in their impedance characteristics. However, geometry C showed a dramatic change in impedance values depending on the probe position and orientation. It was therefore not possible to obtain reliable estimates of the near fields of this geometry by measurement. Note that, in academic terms, the insensitivity of retum loss to the presence of the measurement probe is necessary but not sufficient to guarantee unperturbed near fields. Geometry B which exhibits a high impedance level was matched with a coaxial triple stub tuner for the near field measurements.
Measurements were made with a step size of 2 mm between successive probe positions. The step size used in computations is simply the cell size given in Fig. 2 . Near field results are shown in Figs. 5-7. Both computations and measurements are made at frequencies where the impedance match is good. The scales have been rounded and the outline of the patch geometry and the position of the coaxial excitation have been superimposed. The results of both the computed and measured amplitudes have been smoothly interpolated using an option available in the graphics display program (Spyglass). The scales and the color coding scheme were selected for best visual representation of the amplitude. However, a clear graphical representation of the phase variation is somewhat visually disturbing because of the contrasting colors assigned to f180 degrees. For this reason the phase values were not interpolated. Because of the use of the iterative scheme with a nonzero terminating criterion, computed phase values will be less precise in regions where the corresponding amplitudes are low.
From the results for the circular patch (Fig. 5 ) , good agreement with measurements can be observed up to a level of N -15 dB from the maximum. A discrepancy is observed in the co-polar (E,) component in the region z = 0 and y z k40 mm. Here computations show a weak local maximum which is not seen in the measurements. Similar discrepancies are also observed in Fig. 6 all along the line .I: = 0. There seems to be less likelihood of the measurement probe responding to another component of the electric field because the other components ( E y and E,) also have minima in these regions. In a related investigation with a two-dimensional model for the microstrip patch, it was observed that there exists a considerable difference in the computed fields inside the dielectric slab when the computations are made with the assumption of an infinite grounded dielectric slab as compared with those made rigorously taking into account the finite ground plane dimension. It is thought that the discrepancy observed is perhaps due to this reason as the antenna ground plane dimension was small (of the order of 0.8 free space wavelength). This may also be responsible for the general higher signal level measured over large regions where computations predict low levels. Apart from these, the amplitude results for the geometry B can also be seen to be in a reasonably good agreement with measurements. In the case of geometry C , since no comparison is made with measurements, the near field data were not convolved with the measurement probe current distribution.
In order to explain some salient features of the near fields, a correlation has been made with computed far field parameters and the results are summarized in Table 1 . Note that all three antennas have a broadside maximum. The antenna directivity in the broadside (defined as the H = 0) direction is calculated as the gain obtained by setting losses to zero and with the same assumptions as used for the solution of the current distribution. A perfect impedance match is also assumed. The far field pattern of a microstrip patch antenna on an infinite grounded dielectric slab is the Fourier transform of the tangential fields at the interface ( z = h). However, because the measurement is done at a height 2 = 11 + d, and the antenna has finite dimensions, the z-component of the near field will also be required. It is only near the endfire (defined as the H = (30) directions and for a very precise knowledge of total pattern that the normal component would play an important role. Therefore, the far field information in the broadside direction is contained largely in the tangential near field components which include propagating and evanescent modes. This is simply proportional to the average value of the near field which can be easily interpreted in a qualitative manner from the results Figs. 
5-7.
An examination of the phase of the near fields helps identify dominant radiating edges. For geometry A , the far field is predominantly :c-polarized and the maxima of the near E, component remain in phase. The near Ey component undergoes phase reversal and cannot contribute to any can be attributed to this extra capacitance. In the trim tab region along .I: = 0 where the amplitude of E, is small, a reversal of phase can be seen. A part from this, geometry A is an example of a robust patch antenna since the dominant component remains largely in phase. Therefore one can expect the antenna to have a higher gain than the other two geometries as described below.
Geometry B is physically smaller than A. Examination of the E, component shows capacitive loading introduced by the inner slot edge, This also introduces a radiating edge as seen from the E, component. However this edge is out of phase with the outer primary radiating edge and will therefore reduce the total field strength in the broadside direction. The field structure is such that there is no significant loss in directivity as compared to a circular patch. But in the presence of losses, the change in phase of the dominant component will lead to a reduced gain as can be seen from Table I. Geometry C is about half the size of B and resonates at the same frequency. Here, the E,. component is largely evanescent and it is the E,q component that radiates. It can be seen that the dominant radiating region in this case not only undergoes phase reversal but is also much smaller in intensity as compared to that of geometries A and B. The field structure does result in a small loss in directivity, but the decrease in gain is much more dramatic. If the above computations are made by neglecting losses, the near field structure remains the same, but the amplitudes can be much higher (e.g., geometry G), or the phase variation within the "in phase"regions can be lesser (e.g., geometry A ) and in general a combination of both.
IV. CONCLUSION
The computational method developed in this work has been shown to be an efficient technique for dealing with complex geometries, retaining the rigor of semi-analytical solutions. It is also observed that the biconjugate gradient iterative method is a very reliable scheme for dealing with single layer microstrip geometries. For these and several other geometries tested, convergence of the iterations was always assured. While the computation time for the Sommerfeld integrals has been significantly reduced, the major time consuming part is the iterative solution process. Typically a single frequency impedance analysis of these geometries requires about 150 seconds of CPU time. The general structure of the method makes it better suited for vector machinery where the computational advantage can be significant.
The above study has shown that besides their other advantages computing or measuring near fields of patch antennas provide a better understanding of their behavior. This can be particularly useful for designing new patch antennas. Convenient characterization of higher order resonances in patch antennas and a visual aid to understanding the functioning of passive printed circuit elements is another useful application [27] . In the case of patch antenna arrays excited by microstrip lines, near fields can also show standing waves due to element mismatches. Animated graphical representations of the phase of the near field as a function of the distance z can be used to illustrate circularly polarized radiation. The annular sector geometry C, though not very useful as an antenna operating in the dominant mode, is a simple and interesting geometry to validate computations and measurements. By varying the ratio of the outer circle diameter to the inner circle diameter and the gap width, one has very good control on the sensitivity of the antenna. Further work is required to ascertain whether the observed discrepancies between computed and measured near fields were due to the finite ground plane dimension. Foam Inverted Patch antenna") , which has now become a commercial product. He is presently developing instrumentation and techniques for the measurement of near fields of planar structures (microstrip circuits and antennas). In the past he developed microwave transmitters, a microwave raingauage, the first portable six-port reflectometer, and many other instruments. He *as also involved in the domain of moisture measurements with microwaves and developed portable instrumentation for this application.
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